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Summary
Short interfering RNAs (siRNAs) guide mRNA cleav-
age during RNA interference (RNAi) [1–3]. Only one
siRNA strand assembles into the RNA-induced silenc-
ing complex (RISC) [4], with preference given to the
strand whose 50 terminus has lower base-pairing
stability [5, 6]. In Drosophila, Dcr-2/R2D2 processes
siRNAs from longer double-stranded RNAs (dsRNAs)
[7, 8] and also nucleates RISC assembly [7, 9, 10], sug-
gesting that nascent siRNAs could remain bound to
Dcr-2/R2D2. In vitro, Dcr-2/R2D2 senses base-pairing
asymmetry of synthetic siRNAs and dictates strand
selection by asymmetric binding to the duplex ends
[11]. During dsRNA processing, Dicer (Dcr) liberates
siRNAs from dsRNA ends [1, 12] in a manner dictated
by asymmetric enzyme-substrate interactions [13]. Be-
cause Dcr-2/R2D2 is unlikely to sense base-pairing
asymmetry of an siRNA that is embedded within a pre-
cursor, it isnotclearwhetherprocessedsiRNAsstrictly
follow the thermodynamic asymmetry rules [5, 6] or
whether processing polarity can affect strand selec-
tion [1]. We use a Drosophila in vitro system in which
defined siRNAs with known asymmetry can be gener-
ated from longer dsRNA precursors. These dsRNAs
permit processing specifically from either the 50 or
the 30 end of the thermodynamically favored strand
of the incipient siRNA. Combined dsRNA-processing/
mRNA-cleavage assays indicate that siRNA strand se-
lection is independent of dsRNA processing polarity
during Drosophila RISC assembly in vitro.
Results and Discussion
Independent Variation of siRNA Base-Pairing
Asymmetry and Dcr Processing Polarity In Vitro
If the Dcr-2/R2D2 heterodimer establishes asymmetric
contacts with an incipient siRNA during dsRNA process-
ing [13] before it can sense the relative base-pairing
stabilities of the siRNA ends, then the polarity of Dcr pro-
cessing could modulate strand selection when siRNAs
are generated from longer precursors [14]. To test this
possibility, we sought a biochemical system in which
the relevant variables (the polarity of Dcr processing
and the thermodynamic asymmetry of the processed
siRNAs) could be independently controlled. Tuschl and
*Correspondence: erik@northwestern.educoworkers previously showed that RNA duplexes
as short as 39 nt (but not 29 nt) are efficiently diced in
Drosophila embryo lysates and that a w20 nt 30 over-
hang blocks Dcr processing at the extended end [1].
On the basis of these observations, we designed two
pairs of short dsRNA triggers, each forcing Dcr to initiate
cleavage from opposite ends to generate a single, com-
mon 21 nt siRNA (see the Supplemental Experimental
Procedures in the Supplemental Data online for specific
sequences). One of these pairs forces unidirectional
processing to generate a common asymmetric siRNA
derived from the human Cyclophilin B (cyc) gene, and
the other pair generates a common symmetric siRNA
derived from the human Cu, Zn-superoxide dismutase
(sod) gene [5] (Figure 1A). The triggers that force Dcr ini-
tiation from the 2 nt 30-overhanging end of the sense or
antisense strand are referred to as ‘‘Dcr-R’’ or ‘‘Dcr-L,’’
respectively (Figure 1A).
For the cycdsRNAs, Dcr-R forces Dcr to enter from the
more weakly base-paired end of the cyc siRNA (blue in
Figure 1A, top), and Dcr-L forces Dcr to enter from the
more stable end (red in Figure 1A, top). In the case of cyc
Dcr-R, selection of the siRNA strand with the exposed 30
end is disfavored on the basis of thermodynamic asym-
metry [5, 6]. Elbashir et al. [1] previously reported prelim-
inary evidence that the processed siRNA strand with
the 30 terminus exposed in the precursor is preferentially
selected during RISC assembly. Therefore, the cyc
Dcr-R dsRNA places the two reported strand-selection
parameters in conflict (Figure 1B). We included the sod
triggers to test whether dsRNA processing could impart
asymmetric strand selection on a processed siRNA that
is thermodynamically symmetric [5]. In each case, the
sequence immediately outside of the predicted dsRNA
processing site was designed to preserve the relative
thermodynamic end stabilities in the event of Dcr-2
cleavage heterogeneity.
To confirm that the Dcr-R and Dcr-L dsRNAs gave
rise to the expected siRNA products, we 50-radiolabeled
the longer (64 nt) strand, allowing us to track the prog-
ress of the dsRNA processing step by electrophoresis
in a 15% denaturing polyacrylamide gel. All of the
dsRNAs were efficiently and specifically processed into
the predicted 21 and 22 nt siRNAs in vitro (Figure 2). We
confirmed that the shorter strand of the dsRNA was also
accurately diced by labeling this strand and observing
the appearance of the expected dsRNA processing
products (Figure S1).
Guide Strand Selection Is Independent
of Dicer Processing
To test whether Dcr processing polarity influences siRNA
strand selection, we performed a combined dsRNA-
processing/target-cleavage assay. To examine target
mRNA cleavage, we added 50-cap-radiolabeled sense
or antisense mRNA target (to assess relative siRNA
strand selection) to the dsRNA processing reactions
shown in Figure 2B and Figure S2. The targets were
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(A) dsRNA precursors that generate asymmetric cyc siRNAs and symmetric sod siRNAs are depicted. The predicted 21 nt siRNA products are
shown above each pair of precursors. For each duplex, the sense strand (top) has its 50 end on the left and its 30 end on the right. Each dsRNA
comprises a 36–38 bp core duplex with a 2 nt 30 overhang (which can engage Dcr [13]) at one end and a 26–28 nt 30 overhang (which cannot
engage Dcr [1]) at the other end. Arrows denote sites of Dcr entry. The highly asymmetric cyc siRNA is shown with the more stably base-paired
end in red and the less stably base-paired end in blue. The symmetric sod siRNA [5] is shown with both ends in blue. The predicted melting free
energies of the four terminal base pairs of each siRNA [based on the Sfold Server algorithm (http://sfold.wadsworth.org/sirna.pl)] are indicated.
The regions shown in gray have no complementarity to the mRNA targets used in this study and therefore cannot make any contribution to RISC
activity.
(B) For the cyc Dcr-R dsRNA, the siRNA end that is exposed in the precursor (in blue) is less stably base-paired than the cleaved end (in red). For
this substrate, thermodynamic asymmetry is predicted to favor assembly of the antisense (bottom) strand into RISC [5, 6], whereas Dcr process-
ing polarity could favor the sense (top) strand [1], as shown. The R2D2 dsRNA binding protein, which heterodimerizes with Dcr-2 [7], is omitted for
clarity because its dsRNA substrate interactions have not been characterized.added after dsRNA processing and RISC assembly had
proceeded for 15 min (for the sod triggers) or 30 min
(for thecyc triggers). Following further incubation, we an-
alyzed the reactions in a 6% denaturing polyacrylamide
gel to detect the cleaved mRNA target. Because the con-
centration of dsRNA in each reaction was below satura-
tion for target cleavage [15], we normalized the fraction
of target cleaved to the extent of Dcr processing in
each reaction as determined by the fraction of 21–22 nt
siRNA produced relative to the 64 nt precursor (Figure 2A
and Figure S2).
The cyc and sod siRNAs directed cleavage of sense
and antisense targets with the expected levels of asym-
metry [5] (Figures 3A and 3C, left panels, and Figures 3B
and 3D, black circles). cyc siRNA cleavedw40% of cyc
sense target but only w5% of antisense target in 5 hr,
whereas sod siRNA cleaved w60% of both sense and
antisense targets in 2 hr. In all cases, the sod and cyc
Dcr-R triggers (Figures 3B and 3D, orange triangles) and
Dcr-L triggers (green squares) were equally efficient at
cleaving their corresponding targets and generally fol-
lowed the expected thermodynamic asymmetry pattern.
Unexpectedly, both of the sod 30-extended dsRNAs
directed less target cleavage than the synthetic siRNA
(Figure 3D, upper panel). Although we do not know thereason for the reduced potency of the processed
dsRNAs with this target, it cannot be explained as a re-
sult of differential strand selection induced by the polar-
ity of Dcr processing, given that the reduction affected
both sodDcr-R and sodDcr-L dsRNAs equally. Because
both pairs of Dcr-R/Dcr-L triggers showed identical
potency in guiding cleavage of their respective sense
and antisense targets, we conclude that the direction
of Dcr processing is not likely to influence selection of
the guide strand in Drosophila embryo lysates.
To directly test whether a processed siRNA proceeds
into RISC without dissociating from the dsRNA process-
ing machinery, we performed a chase experiment with
sod Dcr-L dsRNA that was prebound to Dcr in vitro
(Figure 4A). We first confirmed that Drosophila Dcr-2 is
capable of binding but not cleaving dsRNA when incu-
bated at 4ºC in embryo lysates (Figure S3), as is the
case for human Dcr (hDcr) [12]. To chase newly diced
siRNA into RISC, we first preincubated sod Dcr-L
dsRNA in embryo lysate for 20 min on ice at a concen-
tration close to saturation for RISC assembly (50 nM)
[15]. An unrelated competitor siRNA was then added
to the reaction mix on ice at various saturating concen-
trations, up to 250-fold over that of sod Dcr-L dsRNA.
The reactions were shifted to 25ºC, and radiolabeled
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dsRNAs in Drosophila Embryo Lysate
(A) The longer strand of each dsRNA precur-
sor (see Figure 1A) was 50-radiolabeled, an-
nealed to the unlabeled shorter strand, and
subjected to dsRNA processing. siRNAs of
21 and 22 nt accumulated as a function of
time, and the relative amounts of 21 and
22 nt products varied for each precursor.
(B) The data from (A) was quantitated with
a phosphorimager and plotted as the fraction
of precursor (defined as all RNAs greater
than w40 nt, to account for nonspecific nu-
clease degradation of the single-stranded
overhang) converted to 21–22 nt siRNAs as
a function of time.
(C) As in (A), but with the sod dsRNAs.
(D) The data from (C) were quantitated with
a phosphorimager, as in (B).sod sense and antisense mRNA targets were added
for 1 hr to measure RISC assembly. If the newly pro-
cessed siRNA was directly loaded into RISC without first
being released, then the unrelated siRNA would fail to
compete during RISC assembly. Regardless of whether
the competitor siRNA was added during or after the
preincubation with sod Dcr-L, we observed strong and
comparable inhibition of both sense and antisense sod
target cleavage, consistent with the idea that a freshly
diced siRNA is released from Dcr before it can initiate
RISC assembly in Drosophila embryo lysate (Figures 4B
and 4C).
Synthetic siRNAs Are More Potent than Dicer-
Substrate dsRNAs in Drosophila Eggs
In mammalian cells, Dcr substrates (such as short hair-
pin RNAs or 27 nt duplexes) exhibit greater silencing po-
tency than 21 nt siRNAs [16–18], suggesting that Dcr
processing might facilitate entry into the RISC assembly
pathway. To test whether the same is true in the Dro-
sophila RNAi system, we injected 0–1 hr fertilized eggs
with siRNA or 36 bp Dcr-substrate dsRNA (with a 2 nt
30 overhang) directed against bicoid (bcd) mRNA. The
36 bp dsRNA was designed such that Dicer would pro-
duce an siRNA identical to the synthetic bcd siRNA
when processing was initiated from the 30 end of the
guide strand. We confirmed that this 36 bp dsRNA (like
the 36 bp sod dsRNAs used in Figure 2C) was a compe-
tent dsRNA processing substrate in vitro (data not
shown). At every concentration tested, the Dcr-
substrate dsRNA was approximately half as potent at
reducing bcd mRNA levels as the corresponding ‘‘pre-
diced’’ siRNA, as measured by RT-PCR analysis (Fig-
ures 4D and 4E). The reduced activity of Dcr-substrate
dsRNAs in vivo suggests that RISC assembly and Dicerprocessing are not coupled inDrosophila eggs, contrary
to findings in mammalian cells [16–18].
Implications for siRNA Strand Selection during RNAi
In Drosophila, Dcr enzymes are required for RISC as-
sembly as well as dsRNA processing [8, 9], suggesting
that the two phases of RNAi might be functionally cou-
pled in a manner that affects siRNA strand selection [1,
14]. However, our experiments indicate that Drosophila
RISC assembly and siRNA strand selection are not sig-
nificantly influenced by the dsRNA processing step
and that the thermodynamic asymmetry rules [5, 6] ap-
ply equally well with processed and unprocessed
siRNAs in this system. This suggests that Drosophila
Dcr enzymes do not channel newly generated siRNAs
directly into RISC, but rather release the siRNAs into so-
lution (or onto another factor) before they enter the RISC
assembly pathway.
Several observations have suggested that thermody-
namic asymmetry governs strand selection for pro-
cessed RNAi triggers. MicroRNAs (miRNAs) are diced
from stem-loop precursors, and in most instances only
one strand of the processed miRNA duplex is stably in-
corporated into RISC [19]. The mature strand can be
present at either the 50 or the 30 end of the stem-loop,
but either way, the selected strand is generally compat-
ible with the thermodynamic asymmetry guidelines [5].
In addition, artificial dsRNAs introduced into plant cells
give rise to a stable set of siRNAs [20] that adhere to
the asymmetry rules [6]. Similar results have been re-
ported with natural dsRNAs in plants [21]. However, in-
terpretation of these results is difficult because the Dcr
processing polarities were not defined, and it is also
not clear whether small RNA stability is always a suitable
surrogate measure of RISC assembly. Furthermore,
plant cells (unlike insect and mammalian cells) export
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533Figure 3. siRNA Strand Selection Is Indepen-
dent of Dcr Processing Polarity in Drosophila
Lysate
(A) The different cyc dsRNAs (siRNA, Dcr-L,
and Dcr-R) were used to initiate in vitro
RNAi, as indicated at the top of each set of
lanes. The ‘‘-siRNA’’ sample was a 5 hr incu-
bation in the absence of any RNAi trigger.
50-radiolabeled mRNA and cleavage product
are indicated to the right. The reactions with
the sense (SNS) target reflect RISC activity
programmed by the thermodynamically
favored cyc antisense siRNA strand, whereas
the reactions with the antisense (ASNS)
target reflect RISC activity programmed by
the thermodynamically disfavored cyc sense
siRNA strand.
(B) The data from (A) were quantitated with a
phosphorimager, normalized to the efficiency
of dsRNA processing (as determined from the
data in Figure 2 and Figure S2), and plotted as
the fraction of target cleaved vs. time. Note
that the plots for the sense and antisense tar-
gets utilize different scales on the y axes, in-
dicating w10-fold more efficient cleavage of
the sense strand in all cases.
(C) As in (A), except that the thermodynami-
cally symmetric sod triggers [5] were used
with their corresponding targets, and the
mRNA cleavage reactions were incubated
for 2 hr.
(D) The data from (C) was quantitated with
a phosphorimager, normalized to the effi-
ciency of dsRNA processing (as determined
from the data in Figure 2), and plotted as
the fraction of target cleaved versus time.
The plots for the sense and antisense targets
utilized the same scales on their y axes, indi-
cating comparable cleavage of the two
mRNA targets (i.e., functional symmetry).siRNAs into the vasculature to enable systemic RNAi,
and therefore the plant dsRNA processing machinery
may have specifically evolved the propensity to release
newly processed siRNAs. Thus the applicability of the
plant analyses to insects and mammals has not been
clear.
While this work was in progress, Rose et al. [18] char-
acterized modifiedw27 nt duplexes that force a defined
Dcr processing polarity and give rise to specific, predict-
able 21 nt siRNAs. Experiments with these Dcr substrate
RNAs revealed that hDcr processing polarity can in fact
influence siRNA strand selection in transfected human
cells, although it does not completely supercede ther-
modynamic asymmetry [18]. The reasons for the dis-
crepancy between our results and those of Rose et al.
[18] are not clear, although one possibility is that differ-
ent Dcr enzymes may vary in their tendencies to remain
associated with newly generated siRNAs. It is notewor-
thy that Drosophila Dcr-2 (which is primarily devoted to
the siRNA pathway [7, 8]) appears to lack the canonical
PAZ domain that normally provides Dcr with a binding
pocket for 2 nt 30 overhangs [22, 23]. A PAZ domain is
present in hDcr, and mutational analyses indicate that
the hDcr PAZ domain assists with dsRNA binding and
processing when a 2 nt 30 overhang is present [13].
The apparent lack of a PAZ domain in Dcr-2 may com-
promise its ability to remain bound to newly cleaved
siRNA. It is curious that Drosophila Dcrs are requiredfor RISC assembly [8] but do not appear to couple
dsRNA processing to siRNA strand selection, whereas
mammalian Dcrs are not required for RISC assembly
[4, 24, 25] but apparently do couple dsRNA processing
to siRNA strand selection [16–18, 26].
Finally, it remains to be determined whether Dcr en-
zymes associate with long dsRNA processing sub-
strates and siRNA RISC-assembly substrates in the
same way. This issue is undoubtedly important for un-
derstanding the functional relationship between Dcr’s
roles in the initiator and effector phases of RNAi. Crystal
structures of E. coli RNase III [27, 28], an ancestor of eu-
karyotic Dcrs, are likely to be informative. The structural
data, and models derived from them, depict a protein
that can engage dsRNAs in a dynamic fashion. A single
dsRBD on each subunit of the RNase III homodimer is
tethered to the endonuclease domain by a flexible linker
that can rotate roughly 90º around the catalytic core [28].
Thus, there are likely to be at least two binding modes
for dsRNA in complex with an RNase III enzyme: one in
which the dsRBD braces the RNA helix from either
side as it is channeled into the catalytic cleft [13, 29],
and another where the dsRBD holds the dsRNA above
and orthogonal to the active site [28]. It is possible that
Dcr enzymes also exhibit alternate dsRNA binding
modes depending on whether they are actively process-
ing dsRNA or channeling siRNA into RISC. Interconver-
sion between these two conformations may require at
Current Biology
534Figure 4. Dicer Processing Is Uncoupled
from RISC Assembly in Drosophila
(A) Schematic representation of the experi-
mental design. The sod Dcr-L dsRNA sub-
strate was incubated in Drosophila embryo
lysate on ice (to permit substrate binding
without cleavage), quenched with excess
noncognate ‘‘ASYM’’ siRNA, chased at 25ºC
to permit dsRNA processing and RISC as-
sembly, and then mixed with 50-radiolabeled
sod mRNA (either sense or antisense) for sin-
gle-turnover target-cleavage reactions. Con-
trol ‘‘prequench’’ reactions included the ex-
cess noncognate siRNA at the beginning,
along with the sod Dcr-L dsRNA substrate.
The extent of target cleavage reflects the ex-
tent of RISC assembly with processed sod
siRNAs.
(B) Histogram of the mRNA cleavage reaction
with the sense (SNS) target. All data were nor-
malized to the extent of target cleavage ob-
served in the absence of competitor. No sig-
nificant difference in cleavage activity was
observed between the control prequenched
samples and the ‘‘chased’’ samples, indi-
cating that prebound dsRNA substrate had
no competitive advantage during RISC
assembly.
(C) As in (B), except that the antisense (ASNS)
mRNA was used for target cleavage.
(D) Fertilized eggs were injected with bcd
siRNA or bcdDcr-substrate dsRNA at varying
concentrations. Levels of bcd and RP49
mRNA were measured by RT-PCR analysis
90 min after injection.
(E) Quantification of the data in (D). Data are
plotted as the fraction bcd mRNA remaining
compared to the buffer-only control injection.least transient release of the siRNA product. Additional
dynamic dsRNA/protein interactions during dsRNA pro-
cessing and RISC assembly presumably involve the
dsRNA binding proteins Loquacious/R3D1 [30–32],
R2D2 [7], and TRBP [33, 34], which associate with
Dcr-1, Dcr-2, and hDcr, respectively. Further functional
analysis of Dcr’s PAZ, RNase III, and dsRNA binding do-
mains, aided by recent advances in the structural biol-
ogy of Dcr [35], will be necessary to understand Dcr’s
roles in the transition between the initiation and effector
phases of RNAi.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures
and four figures and are available with this article online at: http://
www.current-biology.com/cgi/content/full/16/5/530/DC1/.
Acknowledgments
We thank Rich Carthew, John Pham, Janice Pellino, and Kevin Kim
for advice and discussions, David Levine for help with DNA con-
structs, and John Pham for comments on the manuscript. We
are grateful to Anastasia Khvorova for suggesting the use of the
asymmetric cyc siRNA and for providing us with its sequence.
This work was supported by a Cellular and Molecular Basis of Dis-
ease Training Grant to J.B.P. and National Institutes of Health
grant RO1GM072830 to E.J.S.
Received: August 19, 2005
Revised: January 17, 2006
Accepted: January 20, 2006
Published: March 6, 2006References
1. Elbashir, S.M., Lendeckel, W., and Tuschl, T. (2001). RNA inter-
ference is mediated by 21- and 22-nucleotide RNAs. Genes
Dev. 15, 188–200.
2. Elbashir, S.M., Martinez, J., Patkaniowska, A., Lendeckel, W.,
and Tuschl, T. (2001). Functional anatomy of siRNAs for mediat-
ing efficient RNAi in Drosophila melanogaster embryo lysate.
EMBO J. 20, 6877–6888.
3. Schwarz, D., Hutvagner, G., Haley, G., and Zamore, P.D. (2002).
siRNAs function as guides, not primers, in the RNAi pathway in
Drosophila and human cells. Mol. Cell 10, 537–548.
4. Martinez, J., Patkaniowska, A., Urlaub, H., Luhrmann, R., and
Tuschl, T. (2002). Single-stranded antisense siRNAs guide target
RNA cleavage in RNAi. Cell 110, 563–574.
5. Schwarz, D.S., Hutvagner, G., Du, T., Xu, Z., Aronin, N., and Za-
more, P.D. (2003). Asymmetry in the assembly of the RNAi en-
zyme complex. Cell 115, 199–208.
6. Khvorova, A., Reynolds, A., and Jayasena, S.D. (2003). Func-
tional siRNAs and miRNAs exhibit strand bias. Cell 115, 209–216.
7. Liu, Q., Rand, T.A., Kalidas, S., Du, F., Kim, H.-E., Smith, D.P.,
and Wang, X. (2003). R2D2, a bridge between the initiation and
effector steps of the Drosophila RNAi pathway. Science 301,
1921–1925.
8. Lee, Y.S., Nakahara, K., Pham, J.W., Kim, K., He, Z., Sontheimer,
E.J., and Carthew, R.W. (2004). Distinct roles for Drosophila
Dicer-1 and Dicer-2 in the siRNA/miRNA silencing pathways.
Cell 117, 69–81.
9. Pham, J.W., Pellino, J.L., Lee, Y.S., Carthew, R.W., and Son-
theimer, E.J. (2004). A Dicer-2-dependent 80S complex cleaves
targeted mRNAs during RNAi in Drosophila. Cell 117, 83–94.
10. Tomari, Y., Du, T., Haley, B., Schwarz, D.S., Bennett, R., Cook,
H.A., Koppetsch, B.S., Theurkauf, W.E., and Zamore, P.D.
dsRNA Processing and siRNA Strand Selection
535(2004). RISC assembly defects in the Drosophila RNAi mutant
armitage. Cell 116, 831–841.
11. Tomari, Y., Matranga, C., Haley, B., Martinez, N., and Zamore,
P.D. (2004). A protein sensor for siRNA asymmetry. Science
306, 1377–1380.
12. Zhang, H., Kolb, F.A., Brondani, V., Billy, E., and Filipowicz, W.
(2002). Human Dicer preferentially cleaves dsRNAs at their
termini without a requirement for ATP. EMBO J. 21, 5875–5885.
13. Zhang, H., Kolb, F.A., Jaskiewicz, L., Westhof, E., and Filipowicz,
W. (2004). Single processing center models for human Dicer and
bacterial RNase III. Cell 118, 57–68.
14. Sontheimer, E.J. (2005). Assembly and function of RNA silencing
complexes. Nat. Rev. Mol. Cell Biol. 6, 127–138.
15. Haley, B., and Zamore, P.D. (2004). Kinetic analysis of the RNAi
enzyme complex. Nat. Struct. Mol. Biol. 11, 599–606.
16. Kim, D.H., Behlke, M.A., Rose, S.D., Chang, M.S., Choi, S., and
Rossi, J.J. (2005). Synthetic dsRNA Dicer substrates enhance
RNAi potency and efficacy. Nat. Biotechnol. 23, 222–226.
17. Siolas, D., Lerner, C., Burchard, J., Ge, W., Linsley, P.S., Paddi-
son, P.J., Hannon, G.J., and Cleary, M.A. (2005). Synthetic
shRNAs as potent RNAi triggers. Nat. Biotechnol. 23, 227–231.
18. Rose, S.D., Kim, D.H., Amarzguioui, M., Heidel, J.D., Colling-
wood, M.A., Davis, M.E., Rossi, J.J., and Behlke, M.A. (2005).
Functional polarity is introduced by Dicer processing of short
substrate RNAs. Nucleic Acids Res. 33, 4140–4156.
19. Kim, V.N. (2005). MicroRNA biogenesis: Coordinated cropping
and dicing. Nat. Rev. Mol. Cell Biol. 6, 376–385.
20. Llave, C., Kasschau, K.D., Rector, M.A., and Carrington, J.C.
(2002). Endogenous and silencing-associated small RNAs in
plants. Plant Cell 14, 1605–1619.
21. Vazquez, F., Vaucheret, H., Rajagopalan, R., Lepers, C., Gas-
ciolli, V., Mallory, A.C., Hilbert, J.L., Bartel, D.P., and Crete, P.
(2004). Endogenous trans-acting siRNAs regulate the accumula-
tion of Arabidopsis mRNAs. Mol. Cell 16, 69–79.
22. Lingel, A., Simon, B., Izaurralde, E., and Sattler, M. (2004).
Nucleic acid 30-end recognition by the Argonaute2 PAZ domain.
Nat. Struct. Mol. Biol. 11, 576–577.
23. Ma, J.B., Ye, K., and Patel, D.J. (2004). Structural basis for
overhang-specific small interfering RNA recognition by the
PAZ domain. Nature 429, 318–322.
24. Kanellopoulou, C., Muljo, S.A., Kung, A.L., Ganesan, S., Drapkin,
R., Jenuwein, T., Livingston, D.M., and Rajewsky, K. (2005).
Dicer-deficient mouse embryonic stem cells are defective in dif-
ferentiation and centromeric silencing. Genes Dev. 19, 489–501.
25. Murchison, E.P., Partridge, J.F., Tam, O.H., Cheloufi, S., and
Hannon, G.J. (2005). Characterization of Dicer-deficient murine
embryonic stem cells. Proc. Natl. Acad. Sci. USA 102, 12135–
12140.
26. Gregory, R.I., Chendrimada, T.P., Cooch, N., and Shiekhattar, R.
(2005). Human RISC couples microRNA biogenesis and post-
transcriptional gene silencing. Cell 123, 631–640.
27. Blaszczyk, J., Tropea, J.E., Bubunenko, M., Routzahn, K.M.,
Waugh, D.S., Court, D.L., and Ji, X. (2001). Crystallographic
and modeling studies of RNase III suggest a mechanism for dou-
ble-stranded RNA cleavage. Structure 9, 1225–1236.
28. Blaszczyk, J., Gan, J., Tropea, J.E., Court, D.L., Waugh, D.S.,
and Ji, X. (2004). Noncatalytic assembly of ribonuclease III
with double-stranded RNA. Structure 12, 457–466.
29. Bernstein, E., Caudy, A.A., Hammond, S.M., and Hannon, G.J.
(2001). Role for a bidentate ribonuclease in the initiation step
of RNA interference. Nature 409, 363–366.
30. Forstemann, K., Tomari, Y., Du, T., Vagin, V.V., Denli, A.M.,
Bratu, D.P., Klattenhoff, C., Theurkauf, W.E., and Zamore, P.D.
(2005). Normal microRNA maturation and germ-line stem cell
maintenance requires Loquacious, a double-stranded RNA-
binding domain protein. PLoS Biol. 3, e236.
31. Saito, K., Ishizuka, A., Siomi, H., and Siomi, M.C. (2005). Pro-
cessing of pre-microRNAs by the Dicer-1-Loquacious complex
in Drosophila cells. PLoS Biol. 3, e235.
32. Jiang, F., Ye, X., Liu, X., Fincher, L., McKearin, D., and Liu, Q.
(2005). Dicer-1 and R3D1-L catalyze microRNA maturation in
Drosophila. Genes Dev. 19, 1674–1679.
33. Chendrimada, T.P., Gregory, R.I., Kumaraswamy, E., Norman,
J., Cooch, N., Nishikura, K., and Shiekhattar, R. (2005). TRBPrecruits the Dicer complex to Ago2 for microRNA processing
and gene silencing. Nature 436, 740–744.
34. Haase, A.D., Jaskiewicz, L., Zhang, H., Laine, S., Sack, R., Gati-
gnol, A., and Filipowicz, W. (2005). TRBP, a regulator of cellular
PKR and HIV-1 virus expression, interacts with Dicer and func-
tions in RNA silencing. EMBO Rep. 6, 961–967.
35. MacRae, I.J., Zhou, K., Li, F., Repic, A., Brooks, A.N., Cande,
W.Z., Adams, P.D., and Doudna, J.A. (2006). Structural basis
for double-stranded RNA processing by Dicer. Science 311,
195–198.
